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BaFe2As2 with transition-metal doping exhibits a variety of rich phenomenon from coupling of
structure, magnetism, and superconductivity. Using density functional theory, we systematically
compare the Fermi surfaces (FS), formation energies (∆Ef ), and density of states (DOS) of electron-
doped Ba(Fe1−xMx)2As2 with M={Co, Ni, Cu, Zn} in tetragonal (I4/mmm) and orthorhombic
(Fmmm) structures in nonmagnetic (NM), antiferromagnetic (AFM), and paramagnetic (PM, dis-
ordered local moment) states. We explain changes to phase stability (∆Ef ) and Fermi surfaces
(and nesting) due to chemical and magnetic disorder, and compare to observed/assessed proper-
ties and contrast alloy theory with that expected from rigid-band model. With alloying, the DOS
changes from common-band (Co,Ni) to split-band (Cu,Zn), which dictates ∆Ef and can overwhelm
FS-nesting instabilities, as for Cu,Zn cases.
PACS numbers: 71.15.Nc, 71.18.+y, 74.20.Pq, 74.70.Xa
I. INTRODUCTION
The Fe-based superconductors (Fe-SCs) are providing
new avenues to explore high-Tc superconductivity (SC)
involving magnetism.1–6 BaFe2As2 (BFA) has been of
particular interest due to its ease of synthesis. The par-
ent compound exhibits AFM order at a Nee´l tempera-
ture of TN = 140 K and this order is suppressed in favor
of SC on chemical doping.7–10 Electron doping can be
achieved by substituting a transition metal for Fe to give
a metal-substituted solid solution M-BFA,9,10 with an in-
creasing electron-per-Fe (e/Fe) count. Notably, different
behaviors for chemical and magnetic ordering instabili-
ties are found for Co,Ni versus Cu,Zn solid-solutions, for
example, with (in)commensurate AFM order depending
on the dopant, with possible coexistence of SC and AFM
order. Interestingly, Cr-based binary, metallic alloys11,12
show the same coexistence behavior but with Tc an order
of magnitude smaller than Fe-SCs. Although numerous
experimental studies on electron-doped BFA have been
carried out over the last few years, a systematic theo-
retical investigation is still lacking. Here, we address
Ba(Fe1-xMx)2As2 via a proper alloy theory to provide
a direct comparison of trends and explain their origin.
To provide a single theoretical description within den-
sity functional theory (DFT), we use KKR multiple-
scattering theory combined with the coherent-potential
approximation (CPA)13 to handle chemical and magnetic
disorder. For M-BFA in high-T I4/mmm and low-T
Fmmm structures14 with increasing e/Fe in the NM,
PM, and AFM states, the KKR-CPA is used to examine
relative phase stability (∆Ef ), Fermi surface topologies
and nesting (electron-hole) features through the Bloch
spectral functions,15 and changes of the density of states
(DOS) due to alloying and disorder, as well as to contrast
these results to expectations from a rigid-band model.
II. BACKGROUND
Generally, DFT results on BFA match the striped
AFM ordering16 and measured electronic structure quite
well. The FS exhibits two or three hole cylinders at the
zone center (Γ) and two electron cylinders at the zone
corner (X), as observed in DFT17 and angle-resolved
photoemission18–20 (ARPES). The prominent (pi,pi) FS
nesting between these cylinders helps stabilize the AFM
state,2 and spin fluctuations in this mode may drive
Cooper pairing.21,22 Hence, the need to study FS nesting
and disorder broadening effects.
The M-BFA phase diagrams show suppressed AFM
ordering in favor of a neighboring SC state. The SC
domes have M-fraction x=0.03-0.12, 0.02-0.08, and ∼0.04
with Tmaxc of 23, 20, and 2 K for Co-, Ni-, and Cu-
BFA, respectively.8,9 Zn-doped samples do not super-
conduct. Notably, Tmaxc occurs near the extrapolated
AFM quench concentration.8,9 For Co- and Ni-BFA, the
magnetic order becomes an incommensurate spin-density
wave before entering the SC state, which emphasizes
itinerancy and import of FS nesting.23 Cu-BFA remains
commensurate.23 And, no changes in the magnetism or
FS are found in Zn-BFA.24 In addition, there are steric
effects due to changing a and c lattice constants in
I4/mmm structure. a is almost unchanged for Co-BFA
and increases for Ni-, Cu-, and Zn-BFA. For Co-, Ni-,
Cu-BFA c shrinks25–27 and for Zn-BFA it increases.28
Lastly, there is debate on whether M-BFA follows a
rigid-band picture; and, if not, whether an effective Fermi
level shift is still applicable. In a rigid-band model, the
electronic structure is fixed to that of BaFe2As2, and the
Fermi energy is raised by the amount of additional e/Fe
for each dopant, as determined by their atomic num-
ber Zi: Co (1e), Ni (2e), Cu (3e), and Zn (4e); the
atomic species of the dopant becomes irrelevant (even
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2though Zi increases and changes the scattering prop-
erties relative to Fe), and all dopants should generate
the same electronic effects for a given e/Fe. As such, a
proper alloy theory can make clear assessments. While
ARPES shows similar trends with nominal e/Fe for Co-
and Ni-BFA, there are deviations from rigid-band for Cu-
and Zn-BFA.24,29 By Luttinger’s theorem30, an effective
e/Fe can be defined from changes in the experimentally
measured FS. The phase diagrams of Co-, Ni-, and Cu-
BFA have been found to approximately coincide in this
manner.29 Zn-BFA shows no measurable changes in FS
and no superconductivity.24 Comparing supercell calcula-
tions for Co- and Zn-BFA show that Co-BFA obeys rigid-
band while Zn-BFA does not.31 The rigid-band model is
applicable as long as site-potential differences between Fe
and dopant are much less than bandwidths. As we show,
these differences are visible in a dopant’s site-projected
DOS, where significant overlap between Fe d-states and
those of Co or Ni exists, less so for Cu, and almost none
for Zn.32 We find that the FS evolves similar to that ex-
pected from rigid-band for Co-, Ni-, and Cu-BFA but not
for Zn-BFA; yet, deviations from rigid-band behavior are
readily apparent in ∆Ef for PM Cu-BFA.
III. COMPUTATIONAL DETAILS
DFT calculations at 0 K were performed using an all-
electron, KKR-CPA Green’s function method.13,33,34 To
improve the usual site-centered basis set, empty spheres
(E1, E2, and E3) were inserted at interstitial voids in
the structure (Table I). A local density approximation
to DFT is used and the coherent potential approxi-
mation (CPA) is used to address chemical and mag-
netic disorder.35 For PM states, uncorrelated, randomly-
oriented local moments (site magnetizations mi 6= 0) are
described by a disordered local moment (DLM) state,36
where such site magnetic disorder can produce large en-
ergy broadening of the electronic states, which is reduced
with magnetic short-range order included (beyond the
CPA37), but changes FS nesting contributions to the
magnetic susceptibility.38 The DLM state is often a more
appropriate representation of the PM state than the NM
state (mi = 0) typically assumed in theory for compar-
ison to experiment,39,40 such as for magnetic transition
temperatures in magnetic metals.35,41
All results were obtained with a 8×8×8 Monkhorst-
Pack k-point mesh for Brillouin zone (BZ) integrals,42
and using complex energy (E) contour integration
with 25 E-points on a Gauss-Legendre semi-circular
contour.43 Fermi energies were determined from an an-
alytic, integrated DOS (Lloyd’s) formula44 to yield
an accurate electron count. The valence configura-
tions were taken as Ba 5p66s2, Fe 4s23d6, Co 4s23d7,
Ni 4s23d8, Cu 4s23d9, Zn 4s23d10, and As 4s24p3. To
match the e-per-volume of the BaFe2As2 samples
probed in experiment, lattice constants (in pm) were
TABLE I. Atomic coordinates and sphere sizes for atoms and
empty spheres (E1-3). I4/mmm (Fmmm) has body-centered
tetragonal (face-centered orthorhomic) unit vectors.
Site Coordinates Wyckoff Radius (pm)
I4/mmm
Ba (0.0000a, 0.0000a, 0.0000c) 2a 225.1
Fe(M) (0.5000a, 0.0000a, 0.0000c) 4d 136.5
As (0.0000a, 0.0000a, 0.3545c) 4e 136.5
E1 (0.5000a, 0.5000a, 0.0000c) 2b 76.3
E2 (0.0000a, 0.0000a, 0.2072c) 4e 78.9
E3 (0.2007a, 0.2007a, 0.1715c) 16m 55.8
Fmmm
Ba (0.0000a, 0.0000b, 0.0000c) 4a 224.4
Fe(M) (0.2500a, 0.2500b, 0.2500c) 8f 136.1
As (0.0000a, 0.0000b, 0.3545c) 8i 136.1
E1 (0.5000a, 0.0000b, 0.0000c) 4b 76.1
E2 (0.0000a, 0.0000b, 0.2072c) 8i 78.6
E3 (0.2007a, 0.0000b, 0.1715c) 16n 55.7
fixed to experiment:14 (I4/mmm) a = b = 396.25 and
c = 1301.68, and (Fmmm) a = 561.46, b = 557.42, and
c = 1294.53. As the alloy concentrations are sufficiently
low, we fixed the lattice to minimize DFT (relative) error
and isolate electronic and steric effects.
Fermi surfaces were determined at EF via the Bloch
spectral function A(k, E) = − 1pi ImG(k, E), where G is
the single-particle Green’s function. A(k, E) is the E-
and k-space resolved DOS and dispersion. In the limit
of an ordered compound it reduces to Dirac δ-functions
that define the band structure E(k). In the presence
of magnetic or chemical disorder there is k-dependent
spectral broadening and shifting due to impurity scat-
tering handled via the CPA. The spectral full-width at
half-maximum with respect to energy is inversely propor-
tional to the lifetime of electronic states,45,46 which also
dictate transport and SC properties. Spectral broadening
also can support coexistence of AFM and SC, as found,
for example, in binary Cr alloys, such as Cr-Ru.11
IV. RESULTS
A. Phase Stability with Alloying
For an alloy, the formation energies is defined relative
to the concentration-weighted sum of the energy of the
(Ba,Fe,M,As) constituents in their respective equilibrium
structures. However, in a fixed host, ∆Ef trends for
Ba(Fe1−xMx)2As2 versus x (or e/Fe) are more simply
revealed referencing BaFe2As2 and BaM2As2, i.e.,
∆Ef = E
Ba(Fe1−xMx)2As2
− [(1− x)EBaFe2As2 + xEBaM2As2 ]. (1)
3FIG. 1. (Color online) Formation energy of NM, DLM, and
AFM Ba(Fe1-xM x)2As2 relative to mixed phase NM end-
points BaFe2As2 and BaM2As2 in (a) I4/mmm and (b)
Fmmm structural phases. Nominal e/Fe counting is used.
Figure 1 shows ∆Ef of the NM, DLM, and AFM states
versus nominal e/Fe for each M, plotted relative to the
mixed phase with NM BaFe2As2 and MFe2As2.
For no doping, the NM and DLM energies are nearly
degenerate. At finite temperatures the DLM state will
have a lower free-energy due to spin-disorder entropy.
The AFM state is 16 (I4/mmm) or 21 meV/atom
(Fmmm) below the NM state. In experiments on BFA,
the magnetic and structural phase transition occur simul-
taneously in BFA at 140 K (or 12 meV).8 Previous DFT
studies find 37 meV/atom (I4/mmm) using full-potential
augmented plane waves (FLAPW)17 or 70 meV/atom
(Fmmm) using plane-wave pseudopotentials (PWP),16
which is the available data.
For magnetism, we find Fe site moments (I4/mmm)
are 1.4 µB (AFM) and 1.0 µB (DLM). For Fmmm, there
is only a slight drop to 1.3 µB (AFM) and 0.95 µB (DLM).
We do not find symmetry breaking to lead to a signifi-
cant change of site moments. As a contrast, we note
local, Heisenberg models, often fit to spin-wave spectra,
find very different J1a and J1b nearest neighbor exchange
parameters with broken symmetry.47,48 We see, however,
that magnetic disorder leads to a large reduction in site
moments, due to transverse components of the magne-
tization. The time-averaged ordered moment is 0.9 µB
from neutron diffraction,49 which have some transverse
components. Using core-electron spectroscopy to probe
short-time scales (10−15 sec), the measured moment is
2.1 µB in the closely related SrFe2As2.
39 This difference
has been attributed to modest electron correlations40 and
magnetic excitations.50 We see here that the disordered
component of the site moment is substantial. Overall, the
KKR results agree reasonably with previously computed
AFM site moments of 1.8 µB (I4/mmm) from FLAPW;
the moments from PWP are 2.6 µB (Fmmm).
In this low-doping regime (e/Fe ≤ 0.18), the ∆Ef
vary linearly with x or e/Fe for all magnetic states and
structures. Furthermore, the resulting trends are robust
whether considering the I4/mmm or Fmmm structures.
In the NM state, there is a clear splitting in the behav-
ior of Co- and Ni-BFA versus Cu- and Zn-BFA. Both
Co- and Ni-BFA show the same, favorable formation en-
ergies for given e/Fe. Cu- and Zn-BFA also agree for
given e/Fe but are unfavorable to mixing at zero temper-
ature. Chemical mixing entropy does reduce formation
enthalpies relative to endpoints BaFe2As2 and BaM2As2,
increasing the favorability of the higher e/Fe compounds.
In an ideal mixing model51 this will reduce the free en-
ergy by 21, 13, 10, and 8 meV/atom for Co-, Ni, Cu-,
and Zn-BFA at e/Fe = 0.18 and 1000 ◦C, a typical an-
nealing temperature.8,9 This effect is not accounted for
in the 0 K results in Fig. 1 so as to separate electronic
(e/Fe) effects from entropic (dopant x) effects.
In the DLM state, a similar splitting persists, but en-
ergies are less pronounced. There is also less agreement
in the energies of Cu- and Zn-BFA at a given e/Fe. We
find no magnetic moments at the dopant atom and only
marginally reducing moments on the Fe sites with in-
creasing e/Fe. Neutron diffraction shows a rapid drop
in Fe moment with doping.23 This may be a result of
the sensitivity of the moment to an increasing a lat-
tice constant.52 Experiments that demonstrate the in-
commensurability of the spin-density wave23 on Co and
Ni doping are done in the PM state. Cu-BFA does not
become incommensurate. Our results show Cu mixing
is, at best, weakly favorable. Thus, the lack of incom-
mensurate splitting in Cu might arise not as a result of
a FS effects, but rather due Cu clustering. In the AFM
state, dopants decrease favorability relative to the PM
state. This is in qualitative agreement with the known
phase diagrams, where dopants suppress the AFM state
and eventually lead to SC. The dopant species splitting
here is even less pronounced and all compounds follow
nearly the same trend with e/Fe. This suggests an im-
portant difference in doping effects on the PM and AFM
state. Note that prior DFT calculations for the doped
compounds have been performed on the NM state.31,32
4FIG. 2. (Color online) Bloch spectral function A(k, E) of BaFe2As2 in both NM and DLM states. Hole cylinders are depicted
as dash-dot lines (NM) or false-color scaled red (DLM). Electron cylinders are dashed (NM) or blue (DLM). Solid lines indicate
the BZ boundary. Cross-sections are normal to (a) [001] about Γ, (b) [001] about X, (c) [001] about Z, and (d) [1¯10] about
X. False coloring is mapped (in 103 states Ryd-1cell-1 r.u.-3) as {0 ↔ RGB 0xFFFFFF (white), 100 ↔ RGB 0x770000 (light
red), and 1000 ↔ RGB 0xFF0000 (red)} for hole pockets. And similarly for electron pockets. This choice was made to make
as many features as possible visible across plots.
B. Fermi Surfaces of PM States
Figure 2 shows the FS of NM and DLM BaFe2As2.
NM surfaces are shown for electrons (dashed lines) or
holes (dash-dot lines) – there is no FS broadening with
no chemical disorder – and these surfaces agree with pre-
vious results. The Brillouin zone (solid lines) and labels
correspond to the body-centered tetragonal lattice and
can be found in the literature.53 DLM surfaces for elec-
trons (blue) or holes (red) show significant broadening
due to local orientational disorder – in contrast to chem-
ical disorder, which we see, below, is less significant. The
approximate k-space broadening is 0.14 r.u. (reciprocal
units defined as 2pi/a units in k-space).
Note that DLM Bloch spectral peaks do not coincide
exactly with the NM surface. The DLM hole (electron)
pockets are reduced (enlarged) in size relative to the NM.
This corresponds to an effective e-doping, as reflected
in the DOS with a positive shift of EF . The interior
pocket near the Z point is pinched off near the Γ point.
This can vary with choice of exchange-corrleation and
lattice parameters. A strong pinching is also visible in
prior DFT calculations17 and ARPES20,29. The outer
cylinder is fairly uniform and gives rise to strong nesting
with electron cylinders. The electron cylinders obey a 41
screw symmetry along the kz-axis while the hole cylinders
obey 90 ◦ rotational symmetry. The DLM broadening
and EF shift changes the strength of nesting between hole
and electron cylinders. The large broadening can explain
the reduced resolution of ARPES data, especially when
compared to measurements made on CuO SCs.
To make a connection to nesting, we note that it is,
in principle, possible to calculate the chemical, magnetic
and magneto-chemical susceptibilities within the KKR-
CPA using a thermodynamic linear-response theory,54
similar to phonon linear-response that uses infinitesi-
mal displacements. For such susceptibilities in the high-
symmetry (disordered) state, the correct functional form
is χ−1(q;T ) ∼ [1 − β(1 − m2i )S(2)(q, T )], where β =
(kBT )
−1 and S(2)(q, T ) is an exact second-variation of
the electronic grand-potential with respect to fluctua-
tions, e.g., site magnetizations. For an Ising-like system,
S(2)(q, T ) plays the role of a thermodynamically aver-
aged pairwise J(q). Such calculations have been done
for solid-solutions54–57 and elemental FM58 and AFM,59
but not yet for multi-sublattice cases.
Nonetheless, S(2)(q, T ), with matrix elements M()
and Fermi factor f(), is a generalized susceptibility:
S(2)(q;T ) ∼
∫
d M()
∫
d′
[
f(;T )− f(′;T )
− ′
]
× 1
ΩBZ
∫
dk A(k; )A(k+ q; ′) (2)
→
∫
dk A(k;EF )A(k+ q;EF ). (3)
In principle, all states in the valence contribute to (2).
If only hole and electron states near EF dominate, the
bracketed factor [...] yields (3), which is a convolution of
the Fermi surface states and the origin for “nesting”.38,56
Due to alloying, even in a metallic system, hybridized
states well below EF can drive ordering (NiPt
55) or
only features at EF (CuPt
57). For Cr, the NM state
yields nesting with a incommensurate wavevector, as
observed,60 while, for Cr-Ru the chemical disorder broad-
ens the FS enough that the SDW now is commensurate,
as observed, and coexists with SC.
This discussion was to motivate that the DLM state
(with similar FS topology to the NM state) typically cre-
ates similar nesting due to larger volumes of the Bril-
louin zone contributing to the susceptibility integral, even
though the peak overlap is reduced.
5FIG. 3. (Color online) For NM Co-, Ni-, Cu-, and Zn-BFA at e/Fe = 0.10, the Bloch-spectral function A(k, E) along (a)
X=[ 1
2
1
2
0] to Γ=[000] (electron), (b) X to Z=[010] (electron), and (c) Z to X (hole). These correspond to traversing the principal
axes about the electron and hole cylinders. Black vertical lines correspond to rigid-band expectation at the same e/Fe: first
(second) line is the inner (outer) cylinder. First (second) gray line is for the inner (outer) cylinder of parent BFA. Clearly, Zn
is behaving differently than Co, Ni, Cu, or the rigid-band. In (c), hole states deviate notably from rigid-band behavior.
C. Fermi-Surface Nesting in NM State
We analyze the NM Fermi surface (electrons and holes)
typically used for SDW stability analysis for a given e/Fe.
A cross-section of A(k, EF) for transition-metal alloys at
fixed e/Fe = 0.10 are shown in Fig. 3 (in r.u.), which tra-
verses from the center of electron (hole) cylinders along
principal axes k1 = [110] and k2 = [1¯10]. Only a range
near the spectral peaks is shown in each case. The k-
space broadening is ∆k ∼ 0.03 r.u., much less than the
DLM case. The NM rigid-band expectation corresponds
to the vertical black lines, while the spectral peaks for
the undoped-NM case are marked by vertical gray lines.
For Co-, Ni-, Cu-BFA the peaks lie close to that of rigid-
band for electron and hole pockets. Only Zn deviates,
see Fig. 3. This suggests that Zn-BFA has a reduced
electron-doping effect and less interaction with Fe and
As bands. The reduction of effective e/Fe comes from
the change in DOS due to the separation of Zn and Fe-
host d states well below EF , see DOS discussion below.
These effects are alternatively visible in Fig. 4, which
shows the electron and hole FS at fixed e/Fe = 0.10 for
Co, Ni, Cu, and Zn doping and compares to that ex-
pected from a rigid-band shift from the parent BFA. To
show the potential convolution overlap for nesting, the
electron surfaces have been shifted to align with hole
cylinders for each doped compound. The shift used is
the wave-vector connecting X to Γ, i.e., 〈 12 120〉. These
plots show that the broadening at the Fermi energy is
about the same across dopant species for a given e/Fe,
as expected from Fig. 3. On doping the holes shrink
and electrons grow. This improved “nesting” (or over-
lap) leads to a transverse splitting of the nesting vector
along [11¯0], as observed for Co- and Ni-BFA.23 The Zn
FS is sharper, indicating longer electron lifetimes. It is
visibly shifted from rigid-band expectations, as in Fig. 3.
Electron states in Fig. 3(b) [3(a)] correspond to the
vertical 〈1¯10〉 [horizontal 〈110〉] direction in Fig. 4 when
transversing from the center. The convolution arises from
the entire FS and depends on the broadening and sim-
ilar widths of spectral features, which increase phase-
space overlap volume; but, from the two electron peaks
in Fig. 3(b) and second hole peak in (c) we can make
an eye-ball estimate of the incommensurability expected
from nesting at EF from Eq. (2). Note that in (c) no
hole states reflect rigid-band behavior. For Co-doping,
the estimate is 0.01 [0.03] in 2pi/a units, spanning that
observed value.23 For Ni, it is 0.01 [0.03], again spanning
FIG. 4. (Color online) Overlapped electron (blue) and hole
(red) pockets of NM doped compounds at e/Fe = 0.10. FS
for rigid-band shifted NM at the same e/Fe are shown as
dashed lines (gold) for electron and dash-dot (black) for hole
cylinders.
6that observed. For Cu, it is near 0 [0.02]. For Zn, it is
−0.02 [+0.01], but the two Zn spectral features are not
well separated, smearing the convolution.
Notably, ARPES finds a disagreement between rigid-
band lines and the FS of Cu-BFA,29 and no FS changes
for Zn-BFA.24 However, a DFT study using supercells
found a significant shift in the FS of Zn-BFA,31 but
the FS shows considerably more broadening than visible
here. Thus, there is an apparent discrepancy in electron
itinerancy and effective doping between DFT theory and
ARPES. Our calculations too show that Zn FS does not
coincide with that of the parent compound, Fig. 3, and
the volume spanned by the electron surface are reduced
compared to that expected from rigid-band, see Fig. 4.
In fact, for the e/Fe of 0.10, the effective e/Fe is closer
to 0.05 (a 50% reduction) from direct calculations; an
eye-ball estimate from Fig. 3 shows that the Zn spectral
peaks are center between the vertical solid lines or the
vertical dashed lines which is expected for a rigid-band
with e/Fe of 0.05, as calculated.
A warning to the reader, quantitative agreement with
the experimental ARPES spectra from DFT electronic
structure can be more reliably obtained by performing
realistic photocurrent calculations that include a proper
treatment of the surface electronic structure, energy-
dependent matrix elements and lifetime effects, as has
been done in KKR.61,62 For s-polarized light, for exam-
ple, the surface can play only a minor role in photoemis-
sion and the measured spectra may follow the DFT quasi-
particle dispersion. Otherwise the energy-dependent ma-
trix elements, e.g., from Fermi’s “Golden Rule” involving
photocurrent and the single-site wave-functions, affect
the calculated spectra from DFT dispersion. In short, the
DFT electronic structure does not necessarily have one-
to-one correspondence to that from ARPES, but some-
times it does. So, our above results may all be correct,
but, in the future, a more careful comparison is needed
with ARPES.
D. Density of States and Band Filling
For BaFe2As2 the valence DOS for NM, DLM, and
AFM states are shown in Fig. 5, relative to their respec-
tive Fermi energies, EF . The AFM DOS per primitive
(i.e., NM) cell are used to ease comparison. From −6 to
−3 eV there is strong similarity of the states, but with
a shift of EF due to a pseudo-gap forming below EF for
AFM state and, more weakly, for the DLM state. This
shift is +42 meV (DLM) and +126 meV (AFM) relative
to the NM. From −2 to 1 eV the DLM states are signif-
icantly broadened to due local spin disorder. Note the
average slope for NM and DLM states near the Fermi
level is negative. This can explain the apparent Fermi
level shift of the DLM visible in Fig. 2. The negative
slope and disorder broadening together result in a net
reduction in filled states as disorder is turned on. This
FIG. 5. (Color online) DOS relative to EF for (a) BaFe2As2
NM, DLM, and AFM states, and (b) Ba(Fe1-xMx)2As2 M- or
Fe- site-projected DOS for fixed e/Fe=0.06 (i.e., 6% Co, 3%
Ni, and 2% Cu). Fe-DOS unaffected by choice of dopant. Zn
states are below −6 eV with no overlap to Fe-As valence.
is compensated by an increased Fermi level. The AFM
state shows the opening of a pseudo-gap below the Fermi
level, which also explains a large positive shift. The den-
sity of states at EF (i.e., n(EF )) are 5.0, 5.2, and 4.8
states-cell−1-eV−1 for NM, DLM, and AFM, respectively.
For the doped cases of Ba(Fe1-xMx)2As2, we focus on
the valence DOS for NM states versus M in Fig. 5b. The
Fe site-projected DOS do not change for all species M
(they clearly lie on top of each other). There is signifi-
cant overlap of Co and Ni site-projected DOS with Fe-site
DOS (common-band behavior), there is clearly a split be-
tween states (split-band behavior) on Cu,Zn and Fe (Zn
d-states are well below −6 eV and are not shown). These
site projections agree with core-electron spectroscopy.
The shift for each dopant’s d-states relative to Fe arises
from the increasing ∆Z, where by ∆ZCu = +3 the d-
states are no longer in common energy range as Fe. With
∆ZZn = +4 change in nuclear charge from Fe, the Zn
d-bands shifts lower in energy creating a split-band (rel-
ative to Fe), as will be evident in the DOS, leading to
stronger difference in d potentials between Fe and Zn
(less so for Cu). The common band behavior of Fe and
Co,Ni leads to weak impurity scattering and a limited
effect on electronic lifetimes and band structure. Con-
7versely, the split band character of Fe and Cu,Zn leads
to strong scattering. These electronic effects are reflected
in ∆Ef trends for PM states in Fig. 1, where both Cu
and Zn have positive ∆Ef (unfavorable to mixing with
Fe) but Zn less so due to the separation of Zn and Fe-
host d states well below EF . This changes the overall
energetics and outlines the origin for deviations of Cu,Zn
formation energies from Co,Ni in the PM state.
V. SUMMARY
In summary, using the all-electron KKR-CPA within
DFT, we examined the phase stability, electronic struc-
ture, and Fermi-surface evolution of Ba(Fe1−xMx)2As2
(BFA) with M=Co, Ni, Cu, Zn for nonmagnetic, para-
magnetic, and antiferromagnetic states in high-T tetrag-
onal and low-T orthorhombic structures. Hence, both
chemical (alloying) and magnetic (orientational) disor-
der was addressed. Properties were assessed in terms of
additional electrons-per-Fe (e/Fe), expected from Hume-
Rothery or rigid-band-like behavior. The paramagnetic
phase was approximated by a single-site, disordered local
moment state that has a finite, randomly oriented mo-
ment on each site, which is in contract to the NM state
with zero moments. Magnetic effects are pronounced,
leading to significant broadening of the Fermi surface
and, so, a reduction in coherent carriers; yet, DLM is
expected to support the same Fermi-surface nesting ef-
fects as from the NM. For the NM state, typically as-
sessed for Fermi-surface nesting instabilities, we find dif-
ferences versus nominal e/Fe in the formation energies,
electronic structure, and Fermi-surface properties for Co-
and Ni-BFA versus Cu- and Zn-BFA, due to well-known
“split-band” behavior. Notably, while Cu-BFA deviates
from rigid-band in its formation energetics, it continues
to follow the rigid-band expectation in the Fermi-surface
evolution; but, Zn-BFA does not follow rigid-band in ei-
ther formation energetics or Fermi surface behavior; we
showed that Zn has an effective e/Fe that is 50% of that
expected from rigid-band theory due to alloying effects.
This systematic assessment of the electronic properties
for all competing states and structures in BFA should
help resolve conflicting interpretations based different ex-
periments and theories. Yet, for better comparison to
experiment photoemission current calculation using the
DFT dispersion would be the best.
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